Abstract. High temporal resolution measurements of black carbon (BC) and organic
Asia has the largest contribution to the present-day (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) mean BC 27! deposition at the ice core drilling site during the non-monsoon season (October to 28! May) (81%) and all year round (74%), followed by East Asia (14% to the 29! non-monsoon mean and 21% to the annual mean). The ice-core record also indicates 30! stable and relatively low BC and OC deposition fluxes from late 1950s to 1980, 31! followed by an overall increase to recent years. This trend is consistent with the BC 32! and OC emission inventories and the fuel consumption of South Asia (as the 33! primary contributor to annual mean BC deposition). Moreover, the increasing trend 34! of OC/BC ratio since the early 1990s indicates a growing contribution of coal 35! combustion and/or biomass burning to the emissions. The estimated radiative 36! forcing induced by BC and OC impurities in snow has increased since 1980, 37! suggesting an increasing potential influence of carbonaceous aerosols on the Tibetan 38! glacier melting and the availability of water resources in the surrounding regions.
39!
Our study indicates that more attention to OC is merited because of its 40!
Introduction

45! ! 3!
Carbonaceous aerosol, released from fossil fuel, biofuel and/or biomass 46! combustion, contains both black carbon (BC, a.k.a. elemental carbon, EC), a strong 47! light absorber, and organic carbon (OC), which also absorbs the near infrared, but 48! more weakly than BC (Kirchstetter et al., 2004; Bond et al., 2006) . Often mixed 49! with other aerosol species, BC impacts human health, crop yields and regional 50! climate (Auffhammer et al., 2006; Tie et al., 2009) , and is believed to be the second 51! strongest climate warming forcing agent after carbon dioxide (Jacobson, 2001; IPCC, 52! 2013) .
53!
Because of their high population density and relatively low combustion 54! efficiency, developing countries in South and East Asia such as India and China are 55! hotspots of carbonaceous aerosol emissions (Ramanathan and Carmichael, 2008) .
56!
During the cold and dry winter season, haze (heavily loaded with carbonaceous 57! aerosols) builds up over South Asia, and exerts profound influences on regional 58! radiative forcing Ramanathan and Carmichael, 2008) , 59! hydrologic cycles (Menon et al., 2002; Ramanathan et al., 2005) , and likely 60! Himalaya-Tibetan glacier melting that could be accelerated by the absorption of 61! sunlight induced by BC in the air and deposited on the ice and snow surfaces 62! Hansen and Nazarenko, 2004) , although BC deposited in 63! snow and glaciers at some locations may not significantly affect the energy balance 64! (Ming et al., 2013; Kaspari et al., 2014) .
65!
Due to the lack of long-term observations of emissions and concentrations of 66! atmospheric carbonaceous aerosols, it is difficult to evaluate the effects of BC and 67! OC on historical regional climate and environment before the satellite era. Some 68! studies have evaluated historical anthropogenic emissions based on the consumption 69! of fossil fuels and biofuels (Novakov et al., 2003; Ito and Penner, 2005; Bond et al., 70! 2007; Fernandes et al., 2007) . While fossil fuel is the major energy source in the 71! urban areas of South Asia and East Asia, biomass combustion, such as fuel wood, 72! agricultural residue and dung cake, is prevalent in rural areas (Revelle, 1976 ; 73! ! 10! seasonal dependence (i.e., more during the non-monsoon season; Figure 5 ) with ice 236! core measurements, is predominately (over 95%) from South Asia and East Asia.
237!
The seasonal dependence of BC deposition is also consistent with a recent regional 238! climate modeling study on BC deposition on the Himalayan snow cover from 1998 239! to 2008 (Ménégoz et al., 2014) .
240!
The 10-year (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) for the pollution to enter the inner Tibetan Plateau (Cao et al., 2010) . Elevated 256! emissions from the west (or northern part of South Asia) can take the pathways at 257! middle and upper levels but they have minimal contribution to deposition. Therefore, 258! BC emissions from East Asia play a relatively more important role affecting 259! deposition at the Zuoqiupu site during the monsoon season.
260!
The fractional contributions to 10-year mean BC deposition at the drilling site 261! from the four tagged regions are summarized in Table 1 (Lamarque et al., 2010) (i.e., larger OC/BC ratio) compared to fossil fuel combustion due to a lower process 326! temperature (Ducret and Cachier, 1992) . The OC/BC ratio has often been used to 327! discriminate fossil fuel combustion and biomass burning emissions in the 328! atmosphere and in precipitation (Novakov et al., 2000; Stone et al., 2007; Ducret 329! and Cachier, 1992; Xu et al., 2009b) . 
362!
Biomass is the second largest energy resource in South Asia, and it is essential 363! in rural areas. In India, 70% of the population lives in rural areas, and depends 364! substantially on solid fuels (i.e., firewood, animal dung, and agriculture residues) for 365! cooking and heating (Heltberg et al., 2000) . Even in urban areas, biomass 366! contributes to 27% of the household cooking fuel (Venkataraman et al., 2010) .
367!
Although the consumption of biomass is lower than coal, the OC/BC emission ratio 368! for biomass burning is much higher than from coal combustion (60.3 vs. 12.0) (Cao 369! et al., 2005) . BC emission factor for biomass burning (varying from 0.48 ± 0.18 g 370!
kg
-1 for savanna and grassland burning to 1.5 g kg -1 for charcoal burning) is also 371! generally higher than that for coal (0. in South Asia (Sathaye and Tyler, 1991; Pachauri, 2004; Fernandes et al., 2007) 1950 (Bond et al., 2007 Fernandes et al., 2007) . In addition, 384! fuel wood, a more desirable biofuel option, contributed 68% in 1978 to total energy 385! demand by rural populations in India, and increased to 78% in 2000 (Fernandes et 386! al., 2007) . 387!
Radiative forcing induced by carbonaceous aerosols in Tibetan Glaciers
388!
BC is often the most important light-absorbing impurity in surface snow 389! because of its strong absorption of solar radiation. Effect of BC in snow on surface 390! albedo reduction and resultant positive radiative forcing have been widely addressed 391! and reported (e.g., Warren and Wiscombe, 1980; Clarke and Noone, 1985; Hansen 392! and Nazarenko, 2004; Hadley and Kirchstetter, 2012; Flanner et al., 2007; 393! McConnell et al., 2007; Ming et al., 2008; Kaspari et al., 2011; Qian et al., 2011 Qian et al., , 394! 2014 Qian et al., , 2015 . In contrast, the impact of OC in snow has not been widely assessed played an important role in visible light absorption, which contributed about 60% to 412! light absorption at 450 nm and about 40% at 600 nm . A more 413! recent observational study by Dang and Hegg (2014) qualified the light absorption 414! by different light-absorbing particulates in snow, and suggested that humic-like 415! substances and polar OC contributed 9% and 4% to the total light absorption 416! respectively. Despite the substantial uncertainties in brown carbon optical properties, 417! a recent global modeling study (Lin et al., 2014) , in which a range of optical 418! properties of brown carbon taken from the literature were applied to OC-in-snow 419! concentrations simulated in a global chemical transport model, showed that the 420! global OC forcing in land snow and sea ice is up to 24% of that caused by BC. Thus 421! the contribution of OC in snow to the surface albedo reduction is likely to be 422! important, which has also been considered in recent climate modeling studies (Qian 423! et al., 2015) .
424!
In this study, we use the SNICAR-online model (available at 425! http://snow.engin.umich.edu/; Flanner et al., 2007) to estimate radiative forcing 426! induced by the observed BC as if they were present in snow. Detailed description of 427! the SNICAR model has been documented by Zender (2005, 2006) (Ming et al., 2008) . Kaspari et al. (2009) reported a 446! three-fold increase in radiative forcing from BC in snow over Himalayas after 1975, 447! which is consistent with the increasing trend in our results.
448!
The SNICAR model currently does not support the calculation of OC-in-snow 449! forcing in the same way as that for BC due to a lack of reliable OC optical properties 450! that span the dimensions of snow grain size and OC particle size (personal 451! communication with Mark Flanner, 2014) . We take a MAC value of 0.6 m 2 g -1 at 452! 550 nm for OC (Kirchstetter et al., 2004) , and assume a constant factor of 0.08 (i.e., 453! 0.6/7.5) to scale down MAC values of BC at all wavelengths to obtain a first-order 454! guess of OC-in-snow forcing using SNICAR. Lin et al. (2014) .
460!
Two main assumptions could have caused our first-order estimate of OC 461! forcing to have large biases. First, the MAC value of 0.6 m 2 g -1 (at 550 nm) was 462! based on OC extracted from biomass burning samples that tends to have higher 463! absorption efficiency than OC emitted from fusil fuel combustion (Kirchstetter et al., 464! 2004) . This may cause an overestimation of OC forcing. Second, we treated all the 465! water-insoluble OC from the ice-core measurements as light-absorbing brown 466! carbon in the forcing estimation, which also likely results in an overestimation of 467! OC forcing if a significant fraction of OC is non-absorbing. However, water-soluble 468! part, accounting for about half of OC observed in Manora peak and northwest India 469! (Ram et al., 2010; Rajput et al., 2013) , can also contribute to some absorption of UV 470! and visible light (Chen and Bond, 2010; Beine et al., 2011) . Thus the absorption by 471! water-soluble OC that was not included in the forcing estimate may compensate for 472! the high bias to some extent. According to a laboratory study by Chen and Bond 473! (2010) , a large fraction of absorbing OC from hard wood burning is water-insoluble.
474!
As water-insoluble OC recorded in the ice core herein was very likely dominated by 475! biomass burning emissions (Section 3.4), the second assumption we used here may 476! not cause a huge bias in estimating OC forcing in snow.
477!
It is also important to note that we didn't consider variations in chemical 
